Background {#Sec1}
==========

Acute mountain sickness (AMS) is a syndrome with non-specific symptoms and is characterized by headache accompanied by other symptoms, including nausea, fatigue, dyspnea, insomnia, difficulty sleeping and dizziness \[[@CR1]--[@CR3]\]. AMS usually appears after 6 h after ascending to high altitude (higher than 2500 m) or ascending rapidly to a higher altitude, and it reaches a peak in 12--96 h \[[@CR4]\]. The non-specific symptoms of AMS can become more serious after the first night at altitude and typically resolve spontaneously after 1 or 2 days, barring further ascent \[[@CR5]--[@CR7]\].

Numerous factors have been investigated in previous studies as potential risk factors for AMS, such as gender \[[@CR8]\], smoking \[[@CR9], [@CR10]\], obesity \[[@CR11], [@CR12]\], ascent rate \[[@CR6], [@CR13]--[@CR15]\], history of AMS \[[@CR12], [@CR16], [@CR17]\], age \[[@CR2], [@CR5], [@CR6], [@CR18]--[@CR22]\], training status \[[@CR12], [@CR23]--[@CR25]\], sleep quality \[[@CR26]\] and physical activity \[[@CR13], [@CR14], [@CR27]\]. In addition, individual susceptibility was considered a vital risk factor for AMS \[[@CR12], [@CR16], [@CR17], [@CR28]--[@CR30]\]. In particular, numerous studies have reported that age is a risk factor. However, the conclusions of previous studies are not consistent. Moraga et al. found that children were more sensitive to AMS than were adolescents or adults when traveling to high altitudes \[[@CR19], [@CR31]\]. Hackett et al. \[[@CR2], [@CR22], [@CR32]\] demonstrated that younger trekkers were more susceptible to AMS. In contrast, Honigman et al. \[[@CR12], [@CR21]\] reported that older travelers were more sensitive than youth to AMS and that the risk of AMS increased with age. However, the association between age and the risk of AMS was not reported by Schneider et al. \[[@CR6], [@CR33]\].

Given the differences in research methodology and subjects in these previous studies, it is unclear whether age is related to AMS. To assess this problem and provide new methods for predicting the risk of AMS, we conducted a meta-analysis to clarify whether a conspicuous relationship exists between age and the risk of AMS. Thus, we explored heterogeneity factors through meta-regression and subgroup analyses.

Methods {#Sec2}
=======

Literature search strategy {#Sec3}
--------------------------

Two reviewers (YW and CZ) carried out a comprehensive literature search in PubMed, Embase and Chinese Database. We used the following search terms as medical subject headings and free-text words: "acute mountain sickness", "acute high-altitude disease", "acute mountain illness", "incidence", "questionnaires", "risk factors" and "age" as well as combinations of those using "OR" and "AND". We also searched the literature using the keywords "acute mountain sickness", "acute high-altitude disease", "incidence", "epidemiologic investigation", "questionnaires" and "age factors" for studies in Chinese from the China national knowledge infrastructure (CNKI), the Wanfang Database and CQVIP. In addition, the studies listed in the references of the articles were reviewed. The retrieval was conducted in March 2017. No relevant studies were published in languages other than Chinese and English. The full texts of the studies that met our criteria were downloaded after primary selection by reading the titles and abstracts. We contacted the corresponding authors when full texts were not available. This study was approved by the ethical committee of the Third Military Medical University in China.

Study selection {#Sec4}
---------------

This meta-analysis was based on observational studies, including cohort, case-control and cross-sectional studies. Articles were selected if they met the following four criteria. 1) The study provided the total number of subjects and the average age and standard deviation for both the AMS and non-AMS groups, either directly or indirectly using the original data. 2) Subjects traveled from lower altitude to higher altitude in less than 2 weeks. 3) The AMS status of subjects was declared. 4) The full text was accessible or provided by the corresponding authors. The following exclusion criteria were employed. 1) The article was a review or reported results of a pooled analysis. 2) The research object was an animal. 3) The overall sample size was fewer than ten participants.

Data extraction {#Sec5}
---------------

The following items were collected from each selected study: the first author, publication year, journal, altitude, number of participants with and without AMS, and LLS or CAS with a cut-off value, average age and standard deviation of subjects with and without AMS, and ascent mode and duration of the ascent.

Definition of AMS {#Sec6}
-----------------

This analysis only included studies that defined AMS using either the Lake Louse Score (LLS) or Chinese AMS score (CAS). The cut-off values for both scores were defined by the authors of each study (Table [1](#Tab1){ref-type="table"}). Therefore, studies that did not provide either of these scores but used alternative diagnosis criteria were excluded from this analysis.Table 1Characteristics of the studies included in the meta-analysisStudyMax altitude (m)Male/Female (*n*)Sample size (*n*)LLS or CAS cut-off valueAge range (mean, year)Age (year)*P*Subject originAscent modeAscent durationAMSNon-AMSSumAMSNo AMSHackett, 1976 \[[@CR2]\]4243--146132278Arbitrary symptom score ≥ 218--71(33)31.4 ± 9.735.2 ± 13.30.029Britain, USA, France, Germany, Switzerland, Japan, OtherPlane, Trek4dWagner, 2006 \[[@CR37]\]4419266/93120239359LLS ≥ 310--76(39.2)34.40 ± 12.8141.71 ± 14.71\< 0.0001USATrek1--3 dMairer, 2009 \[[@CR38]\]3500316/10670361431LLS ≥ 4\-- (37.4)38.4 ± 11.137.2 ± 13.10.20AustriaTrek--Mairer (a), 2010 \[[@CR39]\]345464/11304575LLS ≥ 4\-- (34.7)35.1 ± 10.734.5 ± 10.20.79AustriaTrek--Mairer (b), 2010 \[[@CR39]\]381763/17285280LLS ≥ 4\-- (36.8)36.2 ± 12.238.1 ± 10.40.47AustriaTrek--Karinen, 2012 \[[@CR40]\]560034/22241236LLS ≥ 324--45(32)33 ± 730 ± 5\> 0.05FinlandTrek7--17 dWei, 2012 \[[@CR34]\]4000--2769241200CAS ≥ 520--50(35)35.36 ± 19.5435.80 ± 16.85\> 0.05China----Mao, 2012 \[[@CR35]\]4768135/8771213284LLS ≥ 318--69(40.5)43.5 ± 13.537.8 ± 12.7\< 0.05ChinaTrain1.5 hYou, 2012 \[[@CR41]\]4300314/0119195314LLS \> 4- (20.2)20.08 ± 1.6220.25 ± 1.830.414ChinaBus4 dHarrison, 2013 \[[@CR42]\]320055/35306090LLS ≥ 3- (35.4)33.8 ± 9.236.2 ± 9.4\> 0.05USAPlane\< 4 hSong, 2014 \[[@CR36]\]390073/0373673LLS ≥ 318--26(20.5)20.72 ± 2.2120.33 ± 2.05\> 0.05ChinaCar5 d exposureWu, 2015 \[[@CR44]\]3886102/778099179LLS ≥ 311--13(11.8)11.8 ± 0.511.8 ± 0.4NSChinaBus\
Walk6 h + 2 hBian, 2015 \[[@CR45]\]3700150/8466150LLS ≥ 318--60(22.2)22.77 ± 3.8321.39 ± 2.380.011ChinaPlane2 hRen, 2015 \[[@CR46]\]430031/49354580LLS \> 320--50(38.4)38.1 ± 11.838.6 ± 8.30.829ChinaPlane, bus6 hLi (a), 2015 \[[@CR47]\]3700752/0461291752LLS ≥ 318--45(22.9)23.0 ± 3.922.8 ± 3.90.475ChinaPlane2.5 hLi (b), 2015 \[[@CR47]\]4400267/0104163267LLS ≥ 318--45(22.0)22.2 ± 2.521.8 ± 2.30.162ChinaCar3 hYu, 2016 \[[@CR48]\]3700176/09581176LLS ≥ 3- (23.0)23.21 ± 3.9622.78 ± 3.450.181ChinaPlane2 h*AMS* Acute mountain sickness, *LLS* Lake Louise score, *CAS* The Chinese AMS score, *SD* Standard deviation. -: No data or not mentioned

Statistical analyses {#Sec7}
--------------------

We analyzed continuous data by calculating the mean differences (MD) with 95% confidence intervals (CI). A DerSimonian-Laird random effects model was used to aggregate the data. The combined effect size was evaluated using the inverse variance method. Heterogeneity between studies was tested using the Cochrane and *I*^2^ statistics. Publication bias was assessed using funnel plots.

The heterogeneity of the included studies was determined using a *Q* test and quantified using the *I*^*2*^ statistic. The significance level was defined as 0.1. If heterogeneity was significant, i.e., *P* ≤ 0.1 or *I*^*2*^ ≥ 50%, then a random effects model was required. If *P* \> 0.1 and *I*^*2*^ \< 50%, then the included studies were not heterogeneous, and a fixed effects model was more appropriate. Meta-regression analyses, subgroup analyses and sensitivity analysis were used to identify sources of heterogeneity. Meta-analyses, subgroup analyses and sensitivity analysis were conducted using the RevMan 5.0 software (The Cochrane Collaboration). Meta-regression analyses were conducted with Stata 14.2 (Stata Corp, College Station, TX, USA).

Results {#Sec8}
=======

Selection of literature {#Sec9}
-----------------------

As shown in the flow chart (Fig. [1](#Fig1){ref-type="fig"}), 15 publications corresponding to 17 investigations were identified for the analysis. In total, 393 articles were initially retrieved. Among the retrieved studies, 139 were in Chinese, and 254 were in English. After reading the titles and abstracts, 151 non-observational studies were excluded, leaving 124 articles to be evaluated in detail. In total, 17 studies were included in the meta-analysis, and 109 studies were excluded because they did not provide a LLS or CAS score or the age and standard deviation of the AMS and non-AMS groups.Fig. 1Flowchart of the literature review

Characteristics of the included studies {#Sec10}
---------------------------------------

Eighteen studies were included in the meta-analysis. Among them, 3 studies were in Chinese \[[@CR34]--[@CR36]\], and 14 studies were in English \[[@CR2], [@CR37]--[@CR48]\]. The total number of subjects with and without AMS was 1810 and 3014, respectively. The mean study sample size was 270 participants (age range 10--76 years). Most of the included studies had a wide range of ages, which ensured the reliability of this study and avoided the effect of a variance in age in different studies. Table [1](#Tab1){ref-type="table"} lists the altitude and diagnosis of AMS with cut-off values.

The relationship between age and AMS {#Sec11}
------------------------------------

Significant heterogeneity was present among the 17 studies (*P* \< 0.001, *I*^*2*^ = 72%); therefore, a random effects model was required. A meta-analysis of the 17 included studies suggested that no statistical significance was observed between the risk of AMS and age (MD = 0.10; 95% CI -0.38-0.58; *P* = 0.69). Detailed information is shown in Fig. [2](#Fig2){ref-type="fig"}.Fig. 2Forest plot. No statistically significant association was found between the risk of AMS and age. The 18 studies exhibited significant heterogeneity. AMS: Acute mountain sickness; SD: Standard deviation; CI: Confidence intervals; IV: Inverse variance

### Meta-regression analysis {#Sec12}

The heterogeneity of the metadata was represented as *I*^2^ = 72%, df = 16, *P* \< 0.001, which was considered highly heterogeneous. A meta-regression method was used to select the factors that might lead to heterogeneity (altitude, sample, race, and ascent mode), and 4 models were established:$$\documentclass[12pt]{minimal}
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In the meta-regression analysis, race (*P =* 0.002, *P* = 0, *P* = 0.039, *P* = 0.003, respectively) and age (*P* = 0.003, *P* = 0.001, respectively) reached statistical significance as heterogeneous elements. Ascent mode (*P* = 0.658, *P* = 0.05, respectively) was noted as a possible heterogeneous factor. Detailed information is presented in Table [2](#Tab2){ref-type="table"}.Table 2Meta-regression results of 17 studiesHeterogeneous\
factorsCoefficientStandard error*ZP* valueM1M2M3M4M1M2M3M4M1M2M3M4M1M2M3M4Altitude0.0001−0.00070.00010.00040.00030.00040.00050.0005− 0.16− 0.740.160.790.8720.0820.8720.427Sample size0−0.00140.0001−0.00150.00050.00070.00050.0007−0.04−2.120.05−2.270.9680.0340.9630.023Race2.15313.45272.08413.44220.68410.81540.70180.81543.154.232.974.220.00200.0030Age--0.0662--0.0785--0.0226--0.0240--2.93--3.27--0.003--0.001Ascend mode----−0.1131−0.4124----0.25580.2717----−0.44−1.52----0.6580.05Constant−1.8892−1.2281−2.3158−2.66171.55361.56991.82911.8321−1.22−0.78− 1.27− 1.450.2240.4340.2050.146Race assignment: 1 means Asian, 0 means non-Asian; Ascend mode assignment: 1 means \< 1 days to reach; 0 means ≥1 days to reach; *AMS* Acute mountain sickness. -: No data

### Subgroup analyses {#Sec13}

Subgroup analyses on race, age, and ascent mode were performed. In the age group, the 17 studies were divided into 3 groups using the thresholds of 18 and 30 years. No significant difference (*P* \> 0.05) was noted. The Asian racial group, the 18 to 30-year-old age group, and the plane ascent modes exhibited significantly reduced heterogeneity (*I*^2^ = 57%, *I*^2^ = 48%, *I*^2^ = 35%, respectively) but still exhibited moderate heterogeneity. The specific results are presented in Table [3](#Tab3){ref-type="table"}.Table 3Subgroup analysis results of 17 studiesSubgroupGrouping criteriaNo. of StudiesAMS/Non-AMS (*n*)*I*^2^ (%)IV (95%CI)*P* valueRaceNon- sian7448/90177−1.65(−4.51,1.21)0.26Asian101362/2113570.27(− 0.07,0.84)0.12Age (year)\< 18180/99--0.00(−0.13,0.13)1.0018--306900/832480.31(−0.08,0.70)0.12≥3010830/208379−0.64(−3.08,1.78)0.60Ascent modeTrek6418/84181−1.51(−4.83,1.82)0.37Car or Bus6716/575610.14(−0.26,0.54)0.50Plane5676/1598350.49(−0.20,1.18)0.16Overall171810/3014720.10(−0.38,0.58)0.69*AMS* Acute mountain sickness; Age group criteria: Average age (mean). *IV* Inverse variance, *CI* Confidence intervals-: No data

### Sensitivity analyses {#Sec14}

After eliminating the group with the most samples, the meta-analysis demonstrated that the MD was 0.11 (95%CI -0.38-0.60), suggesting no significant difference in age (*P* = 0.66) between the AMS and non-AMS groups. After eliminating the data group with the least samples, the meta-analysis revealed an MD of 0.06 (95% CI -0.42-0.54), suggesting no significant difference in age (*P* = 0.81) between the AMS and non-AMS groups. The results were the same when the MD values and their 95% CI were combined. Therefore, the sensitivity analysis revealed no bias from sample size.

After eliminating the research objects individually, the meta-analysis suggested that significant heterogeneity remained (*P* \< 0.05, *I*^2^ \> 50%) among the studies, and the combined results had no significant effects (*P* \> 0.05). The sensitivity analyses did not identify the source of heterogeneity, and the meta-analysis results are robust.

Publication bias {#Sec15}
----------------

Publication bias was measured using a funnel plot (Fig. [3](#Fig3){ref-type="fig"}). No asymmetry was observed. Thus, we determined that there was no significant publication bias among the 17 included studies.Fig. 3Funnel plot of all included studies. SE: Standard error; MD: Mean difference

Discussion {#Sec16}
==========

This meta-analysis explored the relationship between age and the risk of AMS. After excluding the studies which did not meet our inclusion criteria, 17 studies were included in this meta-analysis, which included 1810 AMS and 3014 no-AMS patients. The results of this meta-analysis suggest that there is no correlation between AMS and age (MD = 0.10; 95% CI -0.38-0.58; *P* = 0.69).

Numerous studies explored the impact of age on the risk of AMS. However, these studies reported different results. Tang et al. \[[@CR49]\] suggested that the elderly were more sensitive to AMS, whereas Hackett et al. \[[@CR2], [@CR22], [@CR32]\] reported opposite findings, suggesting that older age is protective against AMS. In addition, some studies indicated that age has no relationship with AMS. The results of our meta-analysis indicate that there is no correlation between age and AMS. The following reasons may explain the results: 1) Many of the previous studies were conducted immediately upon arrival at a destination or 24 h later. AMS typically occurs 6--12 h after exposure to hypobaric hypoxia \[[@CR50]\], and AMS symptoms gradually resolve after 1 or 2 days, barring further ascent or with proper rest \[[@CR7]\]. Results that are obtained too early or too late are unable to detect an accurate association between age and the risk of AMS. 2) Among previous studies, the diagnostic criteria of AMS were inconsistent, which may have led to different results. In addition, diet control has not been properly performed in previous studies. Excessive water intake contributes to fluid retention and leads to intracranial hypertension at high altitudes, which may enhance the risk of AMS \[[@CR43]\]. 3) Subjects in numerous previous studies came from different altitudes, which could impact the result. The subjects should be divided into several groups based on the altitude where they lived before conducting the studies. Thus, the conclusions gained from these results would be more convincing. 4) In fact, numerous factors affect AMS, including altitude, gender, ascent speed and methods, drug prevention, personal health, and individual susceptibility. However, numerous studies have not controlled for these other factors, and the interaction of various factors can affect a study's results.

Hackett, Honigman and Gaillard \[[@CR2], [@CR12], [@CR22]\] reported that the elderly were less likely to develop AMS. One hypothesis of the mechanism of AMS is brain swelling \[[@CR51]\]. They theorized that brain size decreased with age, which increased the cranial compliance and caused a reduction in the risk of AMS \[[@CR37], [@CR52]\], leaving more intracranial space to accommodate brain tissue swelling without critical increases in intracranial pressure upon shifts of cerebrospinal fluid (CSF) downward into the spinal column. However, the brain size in AMS was also determined by baseline size, genetic predisposition and individual response to hypoxia \[[@CR5]\]. Additionally, activity levels after arriving at high altitude were not controlled for in many previous studies. Younger individuals tend to have high activity levels compared with the elderly. Thus, younger people are more susceptible to AMS because movement boosts oxygen consumption in the brain and decreases oxygen saturation in brain tissue \[[@CR33]\]. Hypoxia increases the release of free oxygen radicals and calcium overload, which increases vascular permeability and leads to brain swelling. In addition, older trekkers and climbers have more experience and better protection experience compared with young people, i.e., the avoidance of drug use and control of ascent rate. Finally, the small number of elderly participants caused a non-uniform age distribution in subjects, which could cause a deviation in the results. To eliminate the heterogeneity of the analysis, the population considered in this study was divided based on the ages of 18 and 30 years in the age subgroup analysis, but the results were not significantly different (*P* \> 0.05).

Furthermore, Tang et al. \[[@CR49]\] reported that the elderly were more likely to develop AMS due to poor sleep quality. Sleep quality decreases with age, and low-quality sleep may enhance the risk of AMS \[[@CR49], [@CR53]\]. However, sleep quality is affected by numerous factors, such as chronic pain, psychological problems, obesity and changes in sleeping conditions \[[@CR54]--[@CR56]\]. Additionally, previous studies in the elderly may have had unknown comorbidities or unreported illnesses that made them more sensitive to AMS \[[@CR12], [@CR33]\]. Harrison et al. stated that the development of AMS was associated with an increase in VEGF (vascular endothelial growth factor): Hypoxia increases VEGF in the serum, and VEGF increases vascular permeability, leading to brain swelling and the development of AMS \[[@CR42]\]. However, there is currently no evidence that VEGF level was related to age.

Despite the strengths presented above, there are still several limitations to this study. First, because age is a basic demographic attribute, not all published studies report the age of the included subjects. Therefore, we could only include 17 studies in which age was properly described. Second, we only included studies that provided either an LLS or CAS score, which dramatically reduced the number of potentially eligible studies for this analysis. Some publications used AMS diagnosis from clinical data and did not provide AMS or CAS scores. Moreover, a random effects model was employed to ensure a conservative conclusion. Finally, in the subgroup analysis, some subgroups included only 1 paper given the limited number of included studies. Future research should increase the age data discussing the relationship between AMS and different age groups (such as children, young and elderly). Further studies should employ standardized diagnostic criteria and explore the effects of other contributors, such as gender, fitness and ascent rate.

Conclusions {#Sec17}
===========

In summary, we performed a meta-analysis of selected studies reporting LLS or CAS for AMS to explore the association between age and the risk of AMS via heterogeneity factors through meta-regression and subgroup analysis. We found no association between the risk of AMS and age.
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